Objective: To see whether in acute lung injury 1) compression of the lungs caused by thoracoabdominal constriction degrades lung function and worsens ventilator-induced lung injury; and 2) maintaining end-expiratory transpulmonary pressure by increasing positive end-expiratory pressure reduces the deleterious effects of chest wall constriction.
A cute respiratory distress syndrome and acute lung injury (ALI/ARDS) are devastating conditions that place heavy burdens on public health resources (1).
Mechanical ventilation (MV) is often lifesaving, but it can also cause further lung injury. Indeed, ventilator-induced lung injury (VILI) is widely recognized as an important contributor to morbidity and mortality in ALI/ARDS.
Proposed mechanisms of VILI in ARDS include "volutrauma," the excessive stretch of lung tissue, reduced by avoiding high tidal volumes and high airway pressures, and "atelectrauma," mechanical shear stress caused by repetitive collapse and recruitment of air spaces (2) , prevented by sufficient levels of positive end-expiratory pressure (PEEP). Whereas the protective effect of low tidal volume ventilation was established in a multicentered clinical trial (3) , the optimal level of PEEP has been more difficult to determine. Numerous animal studies of experimental lung injury have shown that higher levels of PEEP can reduce the airway and parenchymal injury caused by repeated airspace collapse (4 -16) , but the simple expedient of increasing PEEP has sometimes not proven protective in controlled clinical trials (17) (18) (19) . Why are animals clearly protected by higher PEEP, whereas humans are not?
A likely explanation is that humans, unlike small animals, have a relatively stiff chest wall (rib cage and abdomen) that can apply significant compressive force to the lungs' surface, changing the relationship between PEEP and the endexpiratory transpulmonary pressure (PL) expanding the lungs. Many critically ill patients exhibit high intra-abdominal pressures (20) and high esophageal pressures (21) suggesting that differences in pleural pressure could cause a given level of PEEP to be excessive in some patients and insufficient in others. Following this rationale, Talmor et al (22) measured esophageal pressure and compared two methods of setting PEEP; in the intervention group, PEEP was set high enough to maintain a positive PL, and in the control group, PEEP was set according to a sliding scale based on blood oxygenation (3). The intervention group showed improved respiratory compliance and oxygenation and a trend toward improved survival, suggesting that PL, estimated using an esophageal balloon, can be used to determine an appropriate level of applied PEEP.
To explore mechanisms that might explain the results of this clinical trial, we developed a rat model of ALI in which chest wall pressure-volume characteristics could be varied in a controlled manner and measured PL using an esophageal balloon catheter. Our hypothesis was that chest wall constriction at fixed PEEP would lower PL, reduce lung volume, impair lung function, and exacerbate VILI, whereas compensatory increases in PEEP that maintain preconstriction levels of PL would prevent the deleterious effects of chest wall constriction.
METHODS
Thirty-six male Sprague-Dawley rats (380 -460 g) were premedicated with diazepam (10 mg⅐kg Ϫ1 ), anesthetized with pentobarbital (40 mg⅐kg Ϫ1 ) and chloral hydrate (170 mg⅐kg Ϫ1 ), paralyzed with pancuronium (2 mg⅐kg Ϫ1 ), intubated, and ventilated. Ringer bicarbonate solution was infused at 4 mL⅐kg Ϫ1 ⅐h Ϫ1 , and epinephrine was occasionally administered to maintain normal blood pressure.
Air flow, measured with a heated Fleisch pneumotachograph (no. 0000; HS Electronics, March-Hugstetten, Germany) was numerically integrated to give volume change. Pressures were measured at a side tap of the tracheal cannula (Ptr), in an esophageal balloon (Pes), and in the carotid artery (arterial blood pressure). PL was obtained as Ptr-Pes. The adequacy of Pes as a measure of pleural pressure was tested by measuring the ratio ⌬Ptr/⌬Pes during rapid, manual rib cage compressions with closed airways, similar to the occlusion test (23 Procedure and Data Analysis. Nine animals, instrumented as described previously, were immediately killed with an overdose of anesthetic to assess normal lung histology, lung wet-to-dry weight, and levels of albumin and inflammatory markers in serum and bronchoalveolar lavage fluid (BALF).
Using a computer-controlled ventilator (24), the remaining 27 rats were ventilated with fixed tidal volume (8 mL⅐kg Ϫ1 ), inspiratory and expiratory times (0.25, 0.5 secs), and an end-inspiratory pause (0.2 secs).
After an initial 10-min control period on MV with 21% oxygen and zero PEEP, the animals were ventilated with 90% oxygen and 6 cm H 2 O (0.6 kPa) PEEP. ALI was induced by repeated intratracheal instillation and withdrawal of warm (38°C) physiological saline in aliquots of 30 mL⅐kg Ϫ1 until PaO 2 fell below 80 mm Hg (10.7 kPa), and MV was continued for 1 1 ⁄2 hours. Rats with ALI were randomly assigned to three groups of nine animals each: group L had no further intervention; group LC had elastic compression of the chest wall to cause a decrease in end-expiratory PL of approximately 6 cm H 2 O (0.6 kPa) at fixed PEEP; and group LCP had compression of the chest wall as described previously with restoration of end-expiratory PL to precompression level by increased PEEP. Compression of the chest wall was accomplished by tightening a thin rubber sheet around the body from shoulders to pelvis. Measurements of respiratory mechanics, arterial blood pressure, PaO 2 , PaCO 2 , and arterial pH (pHa) were performed at control, immediately after lavage, after chest wall compression, and at the end of MV.
After administration of a lethal dose of anesthetic, approximately 2 mL of blood was withdrawn from the heart for the assessment of cytokines and albumin. The isolated right lung, fixed at a PL of 20 cm H 2 O (2.0 kPa), was processed for histology by standard methods (6, 25) . The main left bronchus was cannulated, the left lung removed, weighed immediately, lavaged with 4.3 mL⅐kg Ϫ1 of normal saline in two aliquots of which approximately 60% was recovered, left overnight in an oven at 120°C, and weighed again to compute lung wet-to-dry weight. The effluents were pooled, centrifuged for 10 mins, and the supernatant frozen and stored at Ϫ20°C for subsequent assessment of cytokines and albumin concentration in BALF.
The study conformed to the American Physiological Society's guidelines for animal care and was approved by Ministero della Salute, Rome, Italy.
Respiratory System Mechanics. Lung (L) and chest wall (W) interrupter resistance (Rint ϭ [peak inflation pressure Ϫ endinspiratory occlusion pressure]/inspiratory flow rate) and dynamic elastance during tidal ventilation (Edyn ϭ [end-inspiratory occlusion pressure Ϫ end-expiratory pressure]/tidal volume) were determined with the rapid endinspiratory occlusion method (24) . Pressurevolume (P-V) curves were obtained at control, immediately after lavage, after chest compression, and at the end of MV by slowly inflating the animal at 1 mL⅐ Ϫ1 from end-expiratory lung volume (EELV) to a Ptr of 35 cm H 2 O (3.5 kPa). Before all measurements, the lungs were inflated three to four times to Ptr of approximately 30 cm H 2 O (3.0 kPa) to standardize volume history. After each P-V curve, the lungs were deflated to Ϫ20 cm H 2 O (Ϫ2.0 kPa), and the volume expired between EELV and residual volume (EELV-RV) was used to assess changes in EELV.
Markers. Markers of inflammation known to be increased in animal models of ALI and human ARDS were used as indicators of lung injury. Analyses for tumor necrosis factor-␣ (26 -28), interleukin-1␤ (IL-1␤) (26), IL-6 (26, 27, 29) , IL-10 (30), and macrophage inflammatory protein-2 (28) were carried out in duplicate in blinded fashion on BALF and serum using specific enzyme-linked immunosorbent assay kits (Quantikine; R&D Systems, Inc, Minneapolis, MN; and IBL, Gunma, Japan). Sandwich enzyme immunoassays of E-selectin (31) and von Willebrand factor (32) were performed on serum using goat (R&D System Inc, Minneapolis, MN) and sheep antirat antibodies (Affinity Biologicals Inc, Ancaster, Ontario, Canada). Albumin concentrations in the BALF supernatant and serum were assessed with the Bacillus Calmette-Guerin method using a clinical chemistry analyzer (ADVIA 2004; Bayer Diagnostics Europe, Dublin, Eire).
Histologic Analysis. Histologic evaluation, performed as previously described (6, 25, 33) included: 1) the mean linear inter- cept and its coefficient of variation, a measure of heterogeneity of air space dimensions; 2) the bronchiolar injury score, the percentage of membranous bronchioles exhibiting epithelial necrosis and sloughing (12, 33) ; and 3) the percentage of abnormal bronchiolar-alveolar attachments, an index of parenchymal damage.
In addition, parenchymal and vascular injury was assessed semiquantitatively by four parameters (34) : focal alveolar collapse in specimens fixed at a constant pressure, perivascular and peribronchial edema, recruitment of granulocytes to the air spaces, and hemorrhage.
Statistics. Analyses were performed using SPSS 11.5 (SPSS Inc, Chicago, IL 
RESULTS
Under control conditions, arterial blood gasses, pHa, systemic blood pressure ( Fig. 1) , respiratory mechanical variables (Fig. 2) , and inflation P-V curves (Fig. 3) were similar in all groups. All animals survived lung lavage and the subsequent period of MV. The groups did not differ in the fraction of lavage fluid retained by the lung (9 Ϯ 1%) or in the total time of the experiment (225 Ϯ 6 mins).
Immediate Effects of Lung Lavage and PEEP. After lung lavage, application of a PEEP of 6 Ϯ 0.1 cm H 2 O (0.6 kPa) maintained EELV-RV at prelavage levels in all groups (Fig. 2) . PaO 2 and pHa decreased significantly, whereas PaCO 2 and arterial blood pressure were unchanged (Fig. 1) .
Tidal excursion and peak tracheal pressure, and end-expiratory and endinspiratory transpulmonary pressure increased in all groups (Table 1) . The increases of Rint, L and Edyn, L were similar in all groups, whereas Rint, W and Edyn, W were unchanged.
Although the chest wall P-V curve during inflation from EELV was unaffected, both lung and respiratory system P-V curves were shifted rightward and downward, indicating increased elastic recoil at any lung volume and reduced quasistatic compliance; these changes were similar in all groups (Fig. 3) .
Immediate Effects of Chest Wall Compression and Increased PEEP. Chest compression increased both tidal tracheal excursion pressure and peak tracheal pressure (Table 1) . PaO 2 , PaCO 2 , pHa, and arterial blood pressure were unaffected (Fig. 1) . In group LC, in which PEEP was kept at 6 cm H 2 O (0.6 kPa), end-expiratory PL and EELV-RV decreased significantly, whereas they were unchanged in group LCP (Table 1 ; Fig. 2 ), in which PEEP was increased to 11.0 Ϯ 0.4 cm H 2 O (1.1 kPa) to maintain end-expiratory PL at precompression levels. Although Rint, W was unaffected, Rint, L, Edyn, L, and Edyn, W increased in both groups, the last becoming slightly but significantly higher in group LCP (Fig. 2) . The chest wall inflation P-V curve shifted rightward with an increase in elastic recoil pressure of approximately 5 cm H 2 O (0.5 kPa) at EELV (Fig. 3) . In group LC, PL at EELV decreased substantially, and the lung inflation P-V curve shifted downward and rightward, whereas in group LCP, it was unchanged ( Fig. 3) .
Comparisons between groups LCP and LC reveal the effects of increased PEEP after chest wall constriction. Higher PEEP decreased excursion in tidal tracheal pressure and increased end-expiratory PL without increasing inspiratory transpulmonary pressure (Table 1) . Indeed, after lung lavage, the pulmonary P-V curves became markedly concave upward at low lung volumes ( Fig. 3 ) so that increasing PEEP increased lung compliance.
Effects of Prolonged Mechanical Ventilation. Prolonged mechanical ventilation increased tidal excursion in tracheal pressure and peak tracheal pressure in group LC only, PEEP being kept constant in all groups (Table 1) . Although PaCO 2 , pHa, and arterial blood pressure did not change significantly, PaO 2 increased markedly in group LCP, becoming significantly higher than that in group LC and similar to that in group L (Fig. 1) .
EELV-RV remained essentially unchanged throughout the ventilation period in all groups (Fig. 2) ; hence, EELV-RV and the corresponding PL were lower in group LC than in groups L and LCP, which were similar (Table 1; Fig. 3 ). Although Rint, W remained at control values, Edyn, W increased in groups LC and LCP; it was similar in these groups and significantly greater than in group L (Fig. 2) . Rint, L and Edyn, L increased significantly in group LC only; they were similar in groups L and LCP and significantly lower than in group LC (Fig. 2) .
Markers. Serum levels of tumor necrosis factor-␣, IL-6, macrophage inflammatory protein-2, IL-10, and von Willebrand factor were increased relative to normal values in all groups, whereas Eselectin (late endothelial factor) and IL-1␤ were not. There was no difference among groups in serum levels of biomarkers ( Fig. 4) .
In BALF, tumor necrosis factor-␣, IL-1, IL-6, macrophage inflammatory protein-2, and IL-10 were all increased relative to normal values in all groups. None of these markers differed significantly between groups L and LCP. In contrast, tumor necrosis factor-␣, IL-1, and IL-6 levels were significantly higher in group LC than group LCP (Fig. 4) .
Histology. Small airway injury (bronchiolar injury score) and parenchymal damage (disruption of bronchiolaralveolar attachments) were significantly greater than normal in all groups, bronchiolar injury score being significantly higher in group LC than in other groups. At an inflation pressure of 20 cm H 2 O (2.0 kPa), the mean linear intercept was not significantly different from normal in any group (Table 2) , but the coefficient of variation of the mean linear intercept was substantially greater than normal in group LC, indicating greater heterogeneity of air space expansion. PEEP, positive end-expiratory pressure; VT, tidal volume; V , pulmonary ventilation; Ptr, T, tidal excursion in tracheal pressure; Ptr, pk, peak tracheal pressure during tidal ventilation; PL, e-exp, end-expiratory transpulmonary pressure; PL, e-insp, end-inspiratory transpulmonary pressure.
Significantly different from preceding condition: a p Յ .05; significantly different from groups L and LCP: b p Յ .05. Measurements were made under control conditions and immediately after lavage, chest compression (binding), and prolonged ventilation (final). Values are mean Ϯ SE.
Parenchymal and vascular injury scores were significantly higher than normal in all groups, and although more pronounced in group LC, they were not significantly different among groups ( Table 3 ). Lung wet-to-dry weight and ratios of bronchoalveolar lavage fluid to serum albumin concentration were significantly greater than normal in all groups (Table  3 ). Lung wet-to-dry weight was significantly higher in group LC than in groups L and LCP. Ratios of bronchoalveolar lavage fluid to serum albumin concentration, although somewhat greater in group LC, did not differ among groups.
DISCUSSION
In this animal model, saline lavage followed by mechanical ventilation increased pulmonary elastance and resistance, lowered arterial PO 2 , caused release of markers of inflammation into blood and BALF, and produced physical and histologic evidence of airway and parenchymal injury. The imposition of chest constriction caused further deterioration of pulmonary mechanics, worsened hypoxemia, increased release of markers of inflammation, and increased VILI as evidenced by pulmonary edema, heterogeneity of postmortem alveolar expansion at a given transpulmonary pressure, and bronchiolar injury score. However, when animals with similar chest constriction had their transpulmonary pressure maintained by additional PEEP, the deleterious effects of chest constriction, including hypoxemia, lung resistance and elastance, mediator release, edema formation, heterogeneity of postmortem lung expansion, and bronchiolar damage, were reduced or prevented.
Why did chest constriction make gas exchange, lung mechanics, and VILI worse? Thoracoabdominal binding shifted the P-V characteristic of the chest wall ( Fig. 3) to higher pleural pressure, lowering transpulmonary pressure and EELV at a constant PEEP ( Figs. 2 and 3) . In numerous animal models, such reduction in end-expiratory pressure or volume in ALI has been shown to worsen VILI and increase surfactant dysfunction and inflammatory cytokine release (4 -16) . In those models, a relatively compliant chest wall and/or widely opened chest (6, 24, 25, 33) assured that varying levels of PEEP produced corresponding levels of end-expiratory transpulmonary pressure. However, this is not the case in human disease or our animal model, in which altered chest wall characteristics increased end-expiratory pleural pressure, decreased transpulmonary pressure and EELV at a given level of PEEP, and facilitated the development of VILI. This is the first demonstration that thoracoabdominal constriction can worsen lung injury in ALI and that the deleterious effects of chest constriction can be prevented by maintaining end-expiratory transpulmonary pressure estimated with an esophageal balloon.
Both PEEP and chest wall constriction can be protective or harmful depending on transpulmonary pressure. For example, chest wall constriction, harmful in our study, can protect the lungs from overdistension by reducing transpulmonary pressure (35, 36) , and adding PEEP, beneficial in our study, can exacerbate lung damage by increasing transpulmonary pressure (27) . The unmeasured effects of chest constriction and PEEP may explain why clinical trials in ARDS that applied higher PEEP without estimating transpulmonary pressure (or reducing tidal volume) have not shown a survival benefit (17) (18) (19) , calling into question the protective role of PEEP (37) . Although pleural pressure is usually unmeasured in critical illness, esophageal and intraabdominal pressures are known to vary widely and are often markedly elevated (20, 21, 38) . If pleural pressures are similarly variable, a given level of PEEP could be inadequately low in patients with high pleural pressure or dangerously high in patients with a low pleural pressure. Failure to take into account differing levels of pleural pressure could confound attempts to determine optimum PEEP in patients with ALI. Gattinoni (37) and others have emphasized the importance of chest wall elastance in determining peak and tidal excursions of transpulmonary pressure (4), but they have not evaluated the end-expiratory esophageal pressure, which is the relevant variable in setting PEEP. Because end-expiratory transpulmonary pressure is not correlated with chest wall elastance (38) , it can be predicted only by measuring end-expiratory esophageal pressure. Esophageal balloon catheters in rats provided estimates of pleural pressure consistent with principles of respiratory physiology (39) . The lung inflationary P-V curves showed the characteristic changes associated with ALI, including a decrease in compliance and an increase in recoil pressure at a given lung volume. Importantly, the P-V curves of the chest wall were unaffected by lavage, as has been found in a dog model of ARDS (40) . Similarly, chest wall compression caused predictable changes in the chest wall P-V curve without substantially affecting the pulmonary P-V curves, which were nearly superimposed over the same volume range in groups LC and LCP. These results suggest, furthermore, that even with injured lungs, the absolute value of Pes can be a useful reflection of the overall pleural pressure. Indeed, in a given animal, the PL computed from Pes at end-expiration just before opening the chest and PL computed from Ptr immediately after clamping the trachea and widely opening the chest agreed within Ϯ 1.2 cm H 2 O (0.1 kPa).
Talmor et al (22) showed that patients with ALI/ARDS whose PEEP was set to maintain transpulmonary pressure in a prescribed range had better blood oxygenation and dynamic compliance than those whose PEEP was set based on oxygenation. Those physicians adopted this strategy because, in contrast with the present experimental model, they could not know how the pressures they measured were related to chest wall compression of the lungs. Our experimental results, showing for the first time that maintaining end-expiratory PL in the face of chest wall constriction can be protective in ALI, support the clinical use of the strategy adopted by Talmor et al. 
